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In frustrated magnets the Dzyaloshinsky-Moriya interaction (DMI) arising from spin-orbit cou-
pling (SOC) can induce a magnetic long-range order. Here, we report a theoretical prediction of
thermal Hall effect in frustrated kagomé magnets such as KCr3(OH)6(SO4)2 and KFe3(OH)6(SO4)2.
The thermal Hall effects in these materials are induced by scalar spin chirality as opposed to DMI
in previous studies. The scalar spin chirality originates from magnetic-field-induced chiral spin con-
figuration due to non-coplanar spin textures, but in general it can be spontaneously developed as a
macroscopic order parameter in chiral quantum spin liquids. Therefore, we infer that there is a pos-
sibility of thermal Hall effect in frustrated kagomé magnets such as herbertsmithite ZnCu3(OH)6Cl2
and the chromium compound Ca10Cr7O28, although they also show evidence of magnetic long-range
order in the presence of applied magnetic field or pressure.
Introduction–. Topological phases of matter are an ac-
tive research field in condensed matter physics, mostly
dominated by electronic systems. Quite recently the
concepts of topological matter have been extended to
nonelectronic bosonic systems such as quantized spin
waves (magnons) [1–17] and quantized lattice vibrations
(phonons) [18–23]. In the former, spin-orbit coupling
manifests in the form of Dzyaloshinsky-Moriya interac-
tion [24, 25] and it leads to topological spin excitations
and chiral edge modes in collinear ferromagnets [5, 6].
The quantized spin waves or magnons are charge-neutral
quasiparticles and they do not experience a Lorentz force
as in charge particles. However, a temperature gradient
can induce a heat current and the DMI-induced Berry
curvature acts as an effective magnetic field in momen-
tum space. This leads to a thermal version of the Hall
effect characterized by a temperature dependent thermal
Hall conductivity [1, 3]. Thermal Hall effect is now an
emerging active research area for probing the topological
nature of magnetic spin excitations in quantum magnets.
The thermal Hall effect of spin waves has been realized
experimentally in a number of pyrochlore ferromagnets
[2, 4]. Recently, DMI-induced topological magnon bands
and thermal Hall effect have been observed in collinear
kagomé ferromagnet Cu(1-3, bdc) [8, 9].
In frustrated kagomé magnets, however, there is no
magnetic long-range order (LRO) down to the lowest ac-
cessible temperatures. The classical ground states have
an extensive degeneracy and they are considered as can-
didates for quantum spin liquid (QSL) [26, 27]. The
ground state of spin-1/2 Heisenberg model on the kagomé
lattice is believed to be a U(1)-Dirac spin liquid [28]. In
physical realistic materials, however, there are other in-
teractions and perturbations that tend to alleviate QSL
ground states and lead to LRO. Recent experimental syn-
theses of kagomé antiferromagnetic materials have shown
that the effects of SOC or DMI are not negligible in frus-
trated magnets. The DMI is an intrinsic perturbation to
the Heisenberg interaction which arises from SOC and
it affects the low-temperature physics of frustrated mag-
nets. One of the striking features of the DM perturbation
is that it can induce LRO with a q = 0 propagation vec-
tor in frustrated kagomé magnets [29]. Hence, the DMI
suppresses the QSL phase of frustrated kagomé antifer-
romagnets up to a critical value [30]. The syntheses of
materials have shown that various experimentally acces-
sible frustrated kagomé antiferromagnets show evidence
of coplanar/noncollinear q = 0 LRO at specific temper-
atures [29–34]. The famous frustrated kagomé magnets
with this LRO are jarosites, such as KCr3(OH)6(SO4)2
[33, 34] and KFe3(OH)6(SO4)2 [29, 31]. Even highly frus-
trated magnets with QSL ground states such as herbert-
smithite ZnCu3(OH)6Cl2 [35] and Ca10Cr7O28 [36] are
fragile in the presence of applied magnetic field or pres-
sure and they show evidence of LRO [37, 38]. However,
the role of DMI and magnetic field in frustrated kagome
magnets has not been investigated in the context of ther-
mal Hall effect and topological spin excitations.
Usually, the thermal Hall effect of spin excitations
arises in insulating ferromagnets because the sponta-
neous magnetization combined with DMI break the
time-reversal symmetry (TRS) macroscopically even in
the absence of applied magnetic field. In this report, we
show that the DMI is not the primary source of thermal
Hall effect in frustrated kagomé magnets with/without
LRO. Rather, a field-induced scalar spin chirality
arising from the non-coplanar chiral spin configuration
yields both thermal Hall effect and topological spin
excitations. We note that in general the presence of
scalar spin chirality does not necessarily require a LRO
or applied magnetic field as in chiral QSLs [39–42].
Therefore our findings can be extended to a wide range
of disordered QSL phases on the kagomé lattice in which
TRS is broken spontaneously and macroscopically. The
experimental probe for the thermal Hall effect in these
frustrated magnets will provide an understanding of
both topological magnetic excitations and scalar spin
chirality. These materials can be useful for designing
systems with low-dissipation applicable to spin-based
computing or magnon spintronics [43]. In this respect,
our results sharply contrast with collinear magnetic
systems [2, 8, 9] and triplon excitations in dimerized
quantum magnets [44] in the presence of applied mag-
netic field with finite DMI, but zero scalar spin chirality.
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2Model–. We consider the Hamiltonian for frustrated
kagomé antiferromagnets given by
H = J
∑
〈i,j〉
Si · Sj + J2
∑
〈〈i,j〉〉
Si · Sj +
∑
〈i,j〉
Dij · Si × Sj .
(1)
The first summation runs over nearest-neighbours
(NN) and the second runs over next-nearest-neighbours
(NNN), where J ,J2 > 0 are the isotropic antiferromag-
netic couplings respectively and Si is the spin moment
at site i. According to Moriya rules [25], the midpoint
between two magnetic ions on the kagomé lattice is not
an inversion center. Therefore the DM vector Dij can
be allowed on the kagomé lattice as shown in Fig. 1. In
ferromagnets the DMI breaks TRS and leads to topolog-
ical spin waves [1–17], whereas in the present model the
DMI is known to stabilize the 120◦ coplanar q = 0 mag-
netic structure [29]. Besides, the NNN coupling J2 > 0
can equally stabilizes the coplanar magnetic structure
[46]. The out-of-plane DMI Dij = (0, 0,∓Dz) is in-
trinsic to the kagomé lattice, where −/+ alternates be-
tween up/down triangles of the kagomé lattice as shown
in Fig. 1. The sign of out-of-plane DMI determines the
vector chirality of the coplanar 120◦ order and only one
ground state is selected for each sign of the DMI [29].
The positive vector chirality in Fig. 1 with Dz > 0 is
the ground state of most jarosites and we will consider
this case. The DMI breaks the global SO(3) rotation
symmetry of the Hamiltonian down to SO(2) global spin
rotation symmetry in the x-y plane. Depending on the
frustrated kagomé magnet the in-plane DM component
may vanish or negligible [30, 33–35]. When it is present,
it breaks mirror reflection symmetry of the lattice and
global spin rotation symmetry. It can lead to spin canting
with weak out-of-plane ferromagnetic moment. However,
most materials have very small or negligible in-plane DM
components due to dominant out-of-plane components
[30, 33–35]. Therefore its presence will not change the
basic results of this report.
Dirac magnon–. As we mentioned above, the presence
of sizeable DMI in this model has been proven to induce
LRO. Nevertheless, the present model still differs signifi-
cantly from collinear magnets because the DMI does not
play the same role in both systems as we will show. Fig-
ure 2 shows the spin wave excitations of the 120◦ coplanar
spins (see Ref. [45]) along the high symmetry points of the
Brillouin zone [47] with Γ = (0, 0), M = (pi/2, pi/2
√
3)
and K = (2pi/3, 0). For J2 6= 0,Dz = 0 the global SO(3)
rotation symmetry is restored and the three dispersive
bands have Goldstone modes at the Γ point. The zero
energy mode usually present in the kagomé antiferromag-
net is lifted by J2 > 0. For J2 6= 0,Dz 6= 0 the SO(3)
rotation symmetry is broken down to SO(2) in the x-y
plane giving rise to one Goldstone mode at the Γ point.
The zero energy mode is also lifted to a constant energy
mode by the DMI, which acquires a small dispersion due
 x
y
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FIG. 1. Kagomé lattice. Coplanar q = 0 spin configura-
tion on the kagomé lattice with positive vector chirality. The
alternating DMI lies at the midpoint between two magnetic
ions.
to J2 > 0. The interesting feature of this model is the lin-
ear band crossing of two magnon branches at the K point,
which realizes a two-dimensional (2D) Dirac Hamiltonian
H(±K + q) = c0I2×2 + c1 (±qxσx + qyσy) , (2)
where q is the momentum vector, c0 and c1 are functions
of the Hamiltonian parameters, σ is a Pauli matrix and
I2×2 is an identity 2× 2 matrix. The linearized Hamilto-
nian (2) has winding number ±1 for a closed loop encir-
cling the states at ±K. This linear band crossing is dif-
ferent from the Goldstone modes of continuous rotational
symmetry breaking. The persistence of Dirac points in
the presence of SOC (in this case DMI) is the basis of
Weyl magnon [15, 16] and Dirac semimetal in electronic
systems [48]. In this regard, the present model can be
deemed a magnon analog of quasi-2D Dirac semimetal.
From the symmetry point of view, the mirror reflection
symmetry with respect to the kagomé planes is a good
symmetry of the kagomé lattice, but reverses the 120◦
coplanar spins and TRS brings the spins back to the orig-
inal states. Hence, the combination of mirror reflection
3FIG. 2. Spin wave excitations at zero magnetic field. a, D/J = 0,J2/J = 0.3. b, D/J = 0.2,J2/J = 0.1. The inset
shows gapless Dirac cone at K.
FIG. 3. Topological spin wave excitations at nonzero magnetic field h = 0.4hs. a, Dz/J = 0, J2/J = 0.3. b,
Dz/J = 0.06, J2/J = 0.03 with J = 3.34 meV. The inset corresponds to gap magnon bands indicated by red squares.
and time-reversal symmetries leaves the 120◦ coplanar
spins invariant. Therefore, the Dirac points are protected
by this combined symmetry. A thorough study of Dirac
magnon points with DMI is beyond the purview of this
report and will be presented in detail elsewhere. For Fe-
jarosites a small in-plane DMI induces a gap at the Γ
point and very small gap at the K point, but it does not
remove the linear band crossing at Γ−K line [32]. The
point here is that the DMI does not lead to topological
magnon bands unlike in the previous studies.
Topological magnon–. We expect the Dirac magnon
points to be at the boundary between topological and
trivial insulators just like in electronic systems. There-
fore, the system can be driven to a topological phase by
breaking the symmetries that protect the Dirac magnon
points. As we previously mentioned, an in-plane DMI
breaks mirror reflection symmetry but preserves TRS. If
the in-plane DM component is the dominant anisotropy
then it is capable of inducing topological magnon bands.
However, due to a dominant out-of-plane DM compo-
nent in most kagomé antiferromagnetic crystals, the ef-
fects of the in-plane DM component is usually suppressed
[30, 33–35] and can be neglected. This means that the
Dirac magnon points will persist. The system can only be
driven to a topological phase by an external factor such
as an external magnetic field applied perpendicular to the
kagomé plane, which can be written as HZ = −B ·
∑
i Si,
where B = gµBBz zˆ, g is the g-factor and µB is the Bohr
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FIG. 4. Chiral spin wave edge modes. a, h/hs = 0 (Hχ =
0) with DMI. b, h/hs = 0.4 (Hχ 6= 0) with DMI. c, h/hs =
0.4 (Hχ 6= 0) without DMI. The parameters are the same as
Fig. 3. The pink lines are the bulk bands and the blue lines
are the edge modes.
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FIG. 5. Topological thermal Hall effect. Low-temperature dependence of thermal Hall conductivity κxy. a, Dz/J =
0.06, J2/J = 0.03. b, Dz/J = 0, J2/J = 0.3.
magneton. The out-of-plane Zeeman magnetic field has
a profound effect on frustrated magnets with QSL phases
as it can induce a LRO [36–38]. In the ordered regime
we find that the Zeeman magnetic field induces a non-
coplanar magnetic spin texture with an emergent scalar
spin chirality given by (see Ref. [45])
Hχ ∼ cosχ
∑
Si · (Sj × Sk) , (3)
where cosχ = h/hs with hs = [6(J + J2) + 2
√
3Dz] and
h = gµBBz. Under 180◦ rotation of the spins, the scalar
chirality changes sign that is Hχ → −Hχ as χ→ pi + χ.
The most important feature of this model is that the
scalar spin chirality does not necessarily require the pres-
ence of DMI. This suggests that the DMI is not the pri-
mary source of topological spin excitations in frustrated
magnets, which sharply differs from collinear magnets [1–
17] and triplon excitations [44] in a magnetic field with
zero scalar spin chirality. We note that scalar spin chi-
rality plays a crucial role in different areas of physical
interest. Most importantly, it is the hallmark of chiral
QSLs in which TRS is broken macroscopically without
any LRO, that is 〈Sj〉 = 0 [39–42]. The cuboc1 phase on
the frustrated kagomé lattice also has a finite scalar spin
chirality even in the absence of an explicit DMI [50]. The
main origin of the scalar spin chirality is geometrical spin
frustration. In the momentum space [51], it is defined
as a fictitious magnetic flux Φ acquired by the propaga-
tion of magnon around a set of three non-coplanar mag-
netic moments. This gives rise to a Berry curvature (see
Ref. [45]) which is related to the solid angle subtended
by three non-coplanar spins on each triangular plaquette
of the kagomé lattice.
The magnon energy branches of the noncoplanar spin
textures are shown in Fig. 3 with the parameter values of
KFe3(OH)6(SO4)2 [32]. The magnon dispersions show a
finite gap at all points in the Brillouin zone with/without
DMI. The linearized Hamiltonian for two avoided band
crossings at ±K can be written as
H(±K + q) = c0I2×2 + c1 (±qxσx + qyσy) +m(Φ)σz,
(4)
where m(Φ) ∝ Φ and sin Φ is related to the scalar spin
chirality. In principle, a gap Dirac point is not enough to
prove that a system is topological. To further substanti-
ate the topological nature of the system we have solved
for the chiral edge modes using a strip geometry with
open boundary conditions along the y direction and infi-
nite along x direction as depicted in Fig. 4. At zero mag-
netic field Hχ = 0, there are no gapless edge modes, but
a single edge mode connects the Dirac magnon points.
As the magnetic field is turned on Hχ 6= 0, we clearly see
gapless edge modes between the upper and middle bands,
which signify a strong topological magnon insulator [5].
Because of the bosonic nature of magnons there is no
Fermi energy or completely filled bands in this system.
Nevertheless, a Chern number can still be defined (see
Ref. [45]). The Chern numbers in the topological regime
are calculated as [0,−sgn(sin Φ), sgn(sin Φ)] for the lower,
middle, and upper bands respectively. This confirms that
the system is in the topological phase.
Topological thermal Hall effect–. Having established
the topological nature of the system, now we will inves-
tigate an experimentally accessible aspect of insulating
frustrated kagomé quantum magnets. The existence of
nontrivial topological spin excitations can be probed by
inelastic neutron scattering experiment via the measure-
ment of thermal Hall response [2, 8, 9]. In some respects,
it is analogous to quantum anomalous Hall effect in elec-
tronic systems, but requires a temperature gradient and
a heat current. From linear response theory, the general
formula for thermal Hall conductivity of spin excitations
κxy can be derived, see Ref. [7]. The low-temperature de-
pendence of κxy for the present model is plotted in Fig.
5(a) with the parameter values of KFe3(OH)6(SO4)2 [31].
At zero magnetic field there is no thermal Hall effect in
accordance with the analysis of topological spin waves
5and edge modes discussed above. The crucial feature of
this model is that for zero DMI Dij = 0, the NNN cou-
pling J2 > 0 also stabilizes the q = 0 coplanar structure
as mentioned above [46] and the thermal Hall effect is
present as shown in Fig. 5(b). In fact, an easy-plane
anisotropy also has a SOC origin. In the XXZ kagomé
antiferromagnet it selects the q = 0 LRO without the
DMI [49]. In this case we also find that topological spin
waves and chiral edge modes still persist (see Ref. [45]).
These results have established that a TRS-broken chiral
spin texture can lead to nontrivial topological spin ex-
citations in frustrated magnets as opposed to previous
studies in which the DMI is the primary source of topo-
logical spin excitations [1–17, 44].
Conclusion–. We have shown that geometrical spin
frustration arising from kagomé antiferromagnets can
lead to field-induced scalar spin chirality even in the
absence of DMI. The field-induced scalar chirality pro-
vides topological spin excitations and thermal Hall re-
sponse applicable to different frustrated kagomé mag-
nets. These features can be probed by inelastic neu-
tron scattering experiments. In particular, frustrated
kagomé jarosites such as KCr3(OH)6(SO4)2 [33, 34] and
KFe3(OH)6(SO4)2 [31] meet all the requirements pre-
dicted in this report. The presence of scalar spin chirality
suggests that there is a possibility that the thermal Hall
effect will be present in frustrated kagomé QSL materials
such as herbertsmithite ZnCu3(OH)6Cl2. Although this
compound has a sizeable DMI (Dz/J = 0.08) [35], the
ground state is considered as a QSL with spinon contin-
uum excitations [52]. However, the QSL phase in her-
bertsmithite is fragile in the presence of a magnetic field
of about 2 T [37] and a pressure of 2.5 GPa [38]. The
chromium compound Ca10Cr7O28 has also been shown
as a QSL candidate [36], but also develops a magnetic
order in the presence of a magnetic field [36].
In the disordered QSL regime scalar spin chirality
can be spontaneously developed as a macroscopic or-
der parameter with broken TRS even without an applied
magnetic field [39–42], whereas in the ordered or frozen
regime a magnetic field or pressure can equally induce
scalar spin chirality as shown in this report. Therefore,
we believe that a finite thermal Hall effect in these mag-
nets should be attributed to scalar spin chirality as op-
posed to the DMI. A similar effect in frustrated electronic
(metallic) magnets is known as topological or sponta-
neous Hall effect [53–57] with or without the magnetic
field respectively. The present model is an analog of this
effect in quantum magnets with charge-neutral magnetic
spin excitations. The main result of this report is that a
combination of geometrical spin frustration and kagomé
antiferromagnets can realize thermal Hall effect without
the need of DMI or SOC. Furthermore, it would be in-
teresting to probe the analogs of “Dirac semimetal” in
quantum magnets as pointed out here. The chiral edge
modes have not been measured at the moment and they
require edge sensitive methods such as light [58] or elec-
tronic [59] scattering method. We recently became aware
of a recent experimental report of thermal Hall response
in frustrated distorted kagomé volborthite at 15 T with
no signal of DMI [60]. The mechanism that gives rise
to thermal Hall response in this material was not explic-
itly identified. In addition, the exact model Hamiltonian
for volborthite and its parameter values are very contro-
versial. The results presented here apply specifically to
undistorted kagomé antiferromagnets. In this regard, the
present study will be important in upcoming experimen-
tal studies of finite thermal Hall response in frustrated
kagomé magnets.
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